ABSTRACT Transcription factor forkhead box L2 (FOXL2) and growth differentiation factor-9 (GDF9) genes have critical roles in the regulation of hen ovarian development. In the present study, these genes were explored as possible molecular markers associated with BW, hen-housed egg production, and egg weight in Chinese Dagu hens. Samples were analyzed using the PCR-single strand conformation polymorphism (PCR-SSCP) technique followed by sequencing analysis, and two novel single nucleotide polymorphisms (SNPs) were identified within these candidate genes. Among them, an A/G transition at base position 238 in the coding region of the FOXL2 gene and a G/T transversion at base position 1609 in exon 2 of the GDF9 gene were found to be polymorphic and named SNPs A238G and G1609T, respectively. The SNP A238G (FOXL2) leads to a nonsynonymous substitution (isoleucine77-to-valine), and when the 360 Dagu hen samples were divided into genotypes AA and AB, allele A was found to be present at a higher frequency. Furthermore, the AA genotype correlated with significantly higher henhoused egg production at 30, 43, 57, and 66 wk of age and with a higher egg weight at 43 wk (P < 0.05). For the SNP G1609T (GDF9), the hens were typed into TT and TC genotypes, with the T allele shown to be dominant. The TC genotype was also markedly correlated with higher hen-housed egg production and a higher egg weight (P < 0.05). Moreover, four haplotypes were reconstructed based on these two SNPs, with the AATC haplotype found to be correlated with the highest hen-housed egg production at 30 to 66 wk of age and with higher egg weights at 43 wk (P < 0.05). Collectively, the two SNPs identified in this study might be used as possible genetic molecular markers to aid in the improvement of egg production traits in chicken breeding.
INTRODUCTION
Egg production is one of the most important economic traits in egg-laying poultry (Kim et al., 2004) . Many of the modern chicken breeds have been generated by conventional breeding methods (e.g., selfselection and family selection), with enhanced egg production traits a key focus. However, egg production is inherited as a polygenic trait, with low to moderate heritability, making the level of genetic improvements difficult to estimate (Luo et al., 2007; Biscarini et al., 2010; Venturini et al., 2013) . Previous studies have suggested a candidate gene approach as a cost-effective means of investigating associations of gene polymorphisms and quantitative trait loci responsible for variations in traits of interest (Rothschild and Soller, 1997; Linville et al., 2001) . The identification and utilization of potential candidate genes and associated genotypes can have significant economic implications and has become increasingly important in chicken breeding programs (Liu et al., 2010; Zhang et al., 2012) . More and more animal breeding researchers have been attracted to identifying single nucleotide polymorphisms (SNPs) in candidate genes associated with egg production traits (Kim et al., 2004; Zhou et al., 2008; Xu et al., 2010a,b; Li et al., 2013) . However, more candidate genes and SNPs are required for marker-assisted selection in chicken breeding. Recently, the forkhead box L2 (FOXL2) and growth differentiation factor-9 (GDF9) genes have been implicated in the regulation of ovarian 88 at Iowa State University on January 16, 2015 http://ps.oxfordjournals.org/ Downloaded from follicular development and maturation and ovulation in chickens, with a potential effect on egg production in laying hens (Govoroun et al., 2004; Hudson et al., 2005; Johnson et al., 2005; McDerment et al., 2012) . FOXL2, a member of the forkhead (FH)/HNF-3-related family of transcription factors, is the earliest known marker of ovarian differentiation and a key regulator of ovarian development and function (Schmidt et al., 2004; Uhlenhaut et al., 2009; Sridevi and Senthilkumaran, 2011) . In chickens, the FOXL2 gene contains a single exon encoding a 305-amino acid protein (Govoroun et al., 2004) . FOXL2 is expressed in granulosa cells of developing follicles and in maturing and ovulated oocytes of hen ovaries (Loffler et al., 2003; Govoroun et al., 2004) and likely plays a significant role in granulosa cell differentiation and follicle development and maintenance, as formerly demonstrated in mammals (Schmidt et al., 2004; Pisarska et al., 2011) . Furthermore, previous studies have shown FOXL2 to act as a transcriptional repressor of P450scc (CYP11A), P450aromatase (CYP19), and cyclin D2 (CCND2), which are markers of ovarian follicle proliferation and differentiation in chickens and mammals (Hudson et al., 2005; Bentsi-Barnes et al., 2010; Kuo et al., 2012) .
GDF9 is a secreted oocyte glycoprotein belonging to the transforming growth factor beta (TGFβ) superfamily (McGrath et al., 1995; Aaltonen et al., 1999; Chang et al., 2002; Su et al., 2004) . Interestingly, GDF9 gene is expressed in the oocytes and granulosa cells of ovarian follicles in chickens and is a central regulator of folliculogenesis and ovulation rate (Dong et al., 1996; Johnson et al., 2005) . The chicken GDF9 gene has been cloned and found to be comprised of two exons that encode a 454-amino acid protein that plays a critical role in enhancing granulosa cell proliferation in hen ovarian follicles (International Chicken Genome Sequencing Consortium, 2004; Johnson et al., 2005) . Eight GDF9 gene mutations associated with increased ovulation rates in heterozygous carriers and sterility in homozygous carriers have been reported in Belclare and Cambridge sheep (Hanrahan et al., 2004) . Correspondingly, FOXL2 and GDF9 sequence mutations may greatly influence chicken ovarian development and egg-laying performance. While the Chinese Dagu chicken is an important animal resource, little characterization of FOXL2 and GDF9 genetic polymorphisms and possible correlations with egg performance in indigenous Chinese breeds has been performed.
In this study, a PCR-single strand conformation polymorphism (PCR-SSCP) approach and sequencing analysis was used to examine FOXL2 and GDF9 fragments for novel sequence polymorphisms. Associations between the newly identified genotypes and the egg production traits were explored in local Chinese Dagu hens. The aim of this work is to provide a potential genetic molecular marker able to facilitate improved egg production traits in chicken breeding.
MATERIALS AND METHODS

Birds and Trait Measurements
The Chinese Dagu chicken breed was provided by College of Animal Science and Technology of Jilin Agricultural University. The eggs used for hatching were randomly selected from the Dagu chicken population, with 360 hens hatched and raised in layered batteries under the same rearing conditions, including free access to water and feed in accordance with the nutrient requirements of local Chinese Dagu hens (NY/T 33-2004, China) . Approaching 16 wk of age, hens were reared in individual cages under constantly maintained conditions. All of the birds were exposed to a 16L:8D photoperiod, with lights on at 5:00 AM. After the start of laying, eggs were picked and recorded daily, with egg weights determined on one day per week. Following feed and water restrictions at 30 and 43 wk of age, BW was recorded and the individual laying performance calculated. Egg production traits examined in this study included hen-housed egg production (egg-laying number) at 30, 43, 57, and 66 wk of age; and egg weight and BW at 30 and 43 wk of age. All animal experiments were performed in accordance with laws of the People's Republic of China regarding animal protection.
DNA Samples and PCR Amplification
For each bird (360 birds were sampled in this work), about 1 mL blood was collected from the wing vein at 300 d of age, and DNA was extracted using a standard phenol-chloroform method. To detect genomic DNA purity, 1% agarose gel electrophoresis and ultravioletspectrophotometer assay were performed, with final concentrations between 2 and 10 ng/μL detected. Primers were designed based on the forkhead box L2 (FOXL2) (GenBank accession no. NM 001012612.1) and and growth differentiation factor-9 (GDF9) (GenBank accession no. NC 006100.3, GeneID: 404533) gene sequences in chickens. The primer pair (Table 1) used to amplify the fragment for FOXL2 and GDF9 genes was screened after examination.
PCR reactions were performed in a total volume of 50 μL, including 20 μL 2X Taq Master Mix (Cwbio, Beijing, China), 100 nM of each primer, 25 to 50 ng template DNA, and 22 μL RNase-free water. The PCR conditions included 94
• C for 2 min, followed by 35 cycles at 94
• C for 30 s each for denaturing, 56
• C (FOXL2) 54
• C(GDF9) for 30 s for annealing (see Table 1 ), 72
• C for 30 s for extension, and a final extension at 72
• C for 2 min.
Cloning of PCR Products, Sequencing, and Alignment
PCR products were purified with the Wizard prep PCR purification system (Promega, Madison, WI), were cloned into the Promega pGEM-T easy vector (Cwbio, Beijing, China) according to the methods published by Sambrook and Russell (2001) , and the obtained fragments were commercially sequenced. Two independent PCR amplifications were performed for each sampled bird, with sequences analyzed using the basic local alignment search tool (BLAST) (http://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM= blastn&PAGE TYPE=BlastSearch&LINK LOC=blast home) to confirm the expected chicken FOXL2 and GDF9 gene sequences. The obtained sequences were then aligned using the DNAMAN software version 6.0 to identify nucleotide substitutions.
Genotyping by PCR-SSCP and Reconstruction of Haplotypes
To evaluate FOXL2 and GDF9 gene polymorphisms, the confirmed PCR products were further analyzed using the single strand conformation polymorphism (SSCP) assay as previously described (Xu et al., 2005) . Briefly, Every 10 μL PCR product was mixed with 6 μL loading dye (0.025% bromophenol blue, 0.025% xylene cyanol, 98% deionized formamide, 2% glycerin, 10 mM ethylene diamine tetraacetic acid). Denatured at 99
• C for 10 min beforehand, the samples were cooled rapidly on ice and then loaded on 10% polymerized gels (acrylamide: bisacrylamide, 39:1) of size 16 by 18 cm. Electrophoresis was carried out at 130 V for 7 h at room temperature in 1× Tris/Boric Acid/EDTA (TBE) buffer. After silver stain, the gels were detected under upper white light of panel by a gel photography system (GeneSnap from SynGene). The method of silver staining consisted of the following procedures: (1) gel syringing with doubly distilled water for 1 min; (2) fixing with 10% ethanol for 5 min; (3) discoloring with 1% nitric acid for 3 min; (4) syringing for 1 min; (5) staining in 0.2% silver nitrate for 20 to 30 min; (6) syringing twice, each for 1 min; (7) developing in 3% sodium carbonate (containing 0.05% formaldehyde and 20 μg/mL hyposulphite); (8) terminating the development with 10% acetic acid; and (9) depositing in distilled water for detection. After gel photography, the images were collected and the birds were typed based on the electrophoresis patterns of each sample. To avoid false positive or negative results due to artificial manipulation in the experiment, each sample was confirmed by repeated amplifications and detections. Haplotypes were reconstructed according to the genotyping data obtained from all 360 individuals with the PHASE program (Stephens et al., 2001 ).
Polymorphism Evaluation
Genotype and allelic frequencies at each single nucleotide polymorphism (SNP) site were calculated, with each polymorphism evaluated for Hardy-Weinberg equilibrium using a Pearson goodness-of-fit chi-square test (df = 1). Gene homozygosity (Ho), heterozygosity (He), effective number of alleles (Ne), and polymorphism information content (PIC) were statistically analyzed using the POPGENE v. 1.32 software (Yeh et al., 1997) .
Marker-trait Association Analysis
Associations of single polymorphisms or haplotypes with laying performance traits were analyzed using the GLM procedure in SPSS 18.0. The model was as below:
Y ijk = Phenotypic value of the target trait, such as egg-laying number μ = Population mean L i = Fixed effect of the line G j = Fixed effect of the SNP genotype or haplotype F k = Random effect of the family e ijk = Residuals Type III sum of squares was used in each test. Values were considered significant at P < 0.05 and presented as least square means ± standard errors (SE). Figure 1 . Amplification of the fragments of chicken FOXL2 and GDF9 genes. M, DL 2000 DNA marker (2,000; 1,000; 750; 500; 250; and 100 bp, respectively.); Lanes 1-3, fragments of GDF9 gene amplified; Lanes 4-6, fragments of FOXL2 gene amplified. confirmed, with PCR amplicon sizes corresponding to the expected sequences of the candidate genes (Figure 1 , Table 1 ) and further confirmed by comparing the cloned PCR product sequences with the direct genomic PCR products from the same individual. For all of the examined birds, no more than 2 allelic sequences were observed, suggesting that the primer pair specifically amplified a single gene.
RESULTS
Analysis of the Nucleotide Sequence Amplified
Genotyping by PCR-SSCP and Reconstruction of Haplotypes
Genotyping of the amplified FOXL2 and GDF9 target fragments was conducted by PCR-single strand conformation polymorphism (PCR-SSCP) analysis. The typing results showed that there were 2 genotypes (AA and AB) in the coding region of the FOXL2 gene ( Figure 2 ) and two genotypes (TT and TC) in the exon 2 of the GDF9 gene within the Dagu hen population (Figure 3) . Haplotype reconstruction was performed based on these genotype data, and 4 haplotypes (ABTC, ABTT, AATC, and AATT) were identified among the 360 individual hens examined. The haplotype present at the highest frequency was the AATT haplotype (0.42), with the AATC haplotype the next most frequent (0.26), followed by ABTT (0.21) and ABTC (0.11).
Polymorphism of the Target Sequences
Polymorphic fragments were aligned based on the PCR-SSCP banding patterns of the FOXL2 and GDF9 genes following sequencing of all of the PCR products. In the FOXL2 fragment, an A/G transition at base position 238 in the coding region was detected (Figure 2 ) and named single nucleotide polymorphisms (SNP) A238G. Furthermore, this noted A/G transition leads to a nonsynonymous substitution, isoleucine77-tovaline. For this SNP, the birds sampled were typed as either AA or AB genotypes by PCR-SSCP analysis. In the GDF9 gene fragment, a G/T transversion at base position 1609 in exon 2 was identified and named SNP G1609T (Figure 3 ). This G/T transversion leads to a synonymous substitution, with birds typed as either TT or TC following PCR-SSCP analysis.
Allele and Genotype Frequencies
Genotypic and allelic frequencies for the FOXL2 and GDF9 genes are provided in Table 2 . For the SNP A238G (FOXL2 gene), the frequency of allele A was notably higher than allele B, with the frequency of genotype AA higher than genotype AB in this population. For the SNP G1609T (GDF9 gene), the frequency of allele T was higher than allele C, with the frequency of genotype TT higher than genotype TC. The polymorphisms at both sites, A238G of FOXL2 and G1609T of GDF9, were evaluated and found to exhibit significant genetic disequilibrium between the A and B alleles of FOXL2 and the T and C alleles of GDF9 (P < 0.05).
As shown in Table 3 , gene homozygosity (Ho) was higher than gene heterozygosity (He) for both the SNP A238G (P1) of FOXL2 and for the SNP G1609T (P2) of GDF9, with effective allele numbers of 1.363 (P1) and 1.417 (P2). The value of polymorphism information content (PIC) for He in P2 (GDF9 gene) was higher than that of P1 (FOXL2 gene), but the polymorphism was not higher and varied only from moderate (0.251) to low (0.231).
Association of Genotypes with Laying Performance in Dagu Hens
The SNP A238G (FOXL2) genotype AA was significantly associated with higher hen-housed egg production at 30, 43, 57, and 66 wk of age and with egg weight at 43 wk (Table 4 ; P < 0.05). Interestingly, for the SNP G1609T (GDF9), genotype TC was markedly correlated with higher hen-housed egg production at 30, 43, 57, and 66 wk of age and with egg weight at 43 wk (Table 4 ; P < 0.05). However, no significant difference was observed between AA and AB or between TC and TT regarding BW at 30 and 43 wk (P > 0.05) or egg weight at 30 wk (P > 0.05).
Among the 4 haplotypes, haplotype AATC was found to be correlated with the highest hen-housed egg production at 30 to 66 wk of age and highest egg weight at 43 wk (Table 5 ; P < 0.05), followed by haplotype ABTC (P < 0.05); the lowest levels were associated with haplotype ABTT. While haplotype AATC and ABTC had significant difference in BW at 43 wk (P < 0.05), no significant differences were noted between haplotype AATC and the other haplotypes regarding BW. Concerning egg weight at 30 wk, there were no significant differences between the 4 haplotypes.
DISCUSSION
The present work aimed to elucidate the relationships between polymorphisms of the FOXL2 and GDF9 genes and egg production traits in Chinese Dagu hens. It is well known that egg production is inherited as a polygenic trait, with low to moderate heritability (Luo et al., 2007; Biscarini et al., 2010; Venturini et al., 2013) , making genetic improvement of this trait based on estimated breeding values more costly and poorly effective. Table 4 . Association of the polymorphism in chicken FOXL2 and GDF9 genes with egg production trait in the local Dagu hen population.
Genotypes
FOXL2 GDF9
Egg production trait AB (114) (X ± SE) AA (246) (X ± SE) TC (129) (X ± SE) TT (231) Means within a row for each gene lacking a common superscript differ (P < 0.05). The no. represents the total number of eggs at the corresponding age. Numbers in parentheses indicate the number of individual hens in each group (n = 360). However, genetic factors are destined to play a pivotal role in promoting egg production traits to further this economically important resource. Involved in this process are not only members of the glycoprotein hormone family of gonadotropins, such as follicle-stimulating hormone (FSH) and luteinizing hormone (LH) but also a wide variety of local intraovarian factors that play critical roles in regulating normal follicular development and oocyte maturation. These processes are mediated by cellular and tissue-level signal transduction, including transcription factors such as forkhead box L2 (FOXL2) and members of the transforming growth factor beta (TGFβ) superfamily, including growth differentiation factor-9 (GDF9) (Dong et al., 1996; Duffin et al., 2009; Kim et al., 2013; Nonis et al., 2013) . Polymorphisms associated with egg production-related hormones, growth factors, and sex hormones such as follicle-stimulating hormone beta subunit (FSHb), LH, prolactin (PRL), growth hormone (GH) and cytosolic phosphoenolpyruvate carboxykinase (PEPCK) have been intensively studied in chickens (Feng et al., 1997; Parsanejad et al., 2003; Cui et al., 2006; Onagbesan et al., 2006) . However, little is known regarding polymorphisms in chicken FOXL2 and GDF9 genes. In an attempt to identify novel DNA markers associated with egg production traits in chickens, we examined polymorphisms in FOXL2 and GDF9 and evaluated their associations with egg production traits.
In the current study, two novel single nucleotide polymorphisms (SNPs) in chicken FOXL2 and GDF9 fragments were identified, with the SNP A238G (FOXL2) found to significantly correlate with a heightened henhoused egg production at 30, 43, 57, and 66 wk of age and with increased egg weight at 43 wk (P < 0.05). More interestingly, the SNP G1609T (GDF9) was significantly correlated with heightened hen-housed egg production at 30, 43, 57, and 66 wk of age and with increased egg weight at 43 wk (P < 0.05). While these two candidate genes have been previously implicated in follicular development (Govoroun et al., 2004; Johnson et al., 2005) , the spatiotemporal localization of the FOXL2 transcript was found to show an expression pattern very similar to that of the GDF9 gene in the oocytes and granulosa cells within the variously sized follicles examined (unpublished data by us). Furthermore, FOXL2 gene expression appears to temporally and spatially correlate with GDF9 gene expression in hen ovary development (Johnson et al., 2005) , initially suggesting that the two candidates are coordinately involved in the regulation of chicken egg productivity. In the present study, 4 haplotypes (ABTC, ABTT, AATC, and AATT) were detected, and the association analysis of haplotypes showed that FOXL2 and GDF9 polymorphisms are significantly associated with egg production traits in Dagu chickens. Additionally, these results indicate that the 2 SNPs identified in FOXL2 and GDF9 might serve as possible molecular markers to aid in the improvement of egg production traits in chicken breeding.
Additionally, this study demonstrated that the frequency of allele A was predominantly higher than allele B and that the frequency of genotype AA was higher than genotype AB for the SNP A238G (FOXL2). For the SNP G1609T (GDF9), the frequency of allele T was significantly higher than that of allele C, and the frequency of genotype TT was higher than that of genotype TC. Moreover, the gene homozygosity (Ho) was higher than gene heterozygosity (He) for both SNPs A238G and G1609T. Both of this, SNPs were found to be under genetic disequilibrium possibly due to allele A (FOXL2) or allele T (GDF9) being naturally one of the predominant alleles during genetic evolution, thus being more conserved and more common than other alleles in this population. Furthermore, it is possible that allele A or T may be tightly linked with either an advantageous allele or with an artificially selected economically favorable trait, such as higher hen-housed egg production and egg weight. Hence, the homozygotes with genotype AA or TT were either promoted under natural selection pressures to be better adapted, or they were artificially selected for favorable agricultural attributes. In fact, the egg production traits of local Dagu populations have been improved with the aim of enhancing early sexual maturity, egg-laying numbers, and egg weight traits for the past six generations. In this process of Dagu bird breeding, the A or T alleles may be coincidently linked with one or more of the selected breeding traits, thus presenting a possible explanation for higher allelic frequencies. Additionally, it cannot be ignored that the number of birds examined in each population was not enough to demonstrate the true event, and an extreme allele frequency was estimated as a result. Collectively, the present data strongly support the conclusion that the two novel FOXL2 and GDF9 polymorphisms can be associated with hen-housed egg production and egg weight, thus acting as potential genetic markers for egg productivity in Chinese Dagu chicken breeding.
